DNA sequencing by synthesis during a polymerase reaction using laser-induced fluorescence detection is an approach that has a great potential to increase the throughput and data quality of DNA sequencing. We report the design and synthesis of a photocleavable fluorescent nucleoside triphosphate, one of the essential molecules required for the sequencing-by-synthesis approach. We synthesized this nucleoside triphosphate by attaching a fluorophore, 4,4-difluoro-5,7-dimethyl-4-bora-3␣,4␣-diaza-s-indacene propionic acid (BODIPY), to the 5 position of 2-deoxyuridine triphosphate via a photocleavable 2-nitrobenzyl linker. We demonstrate that the nucleotide analogue can be faithfully incorporated by a DNA polymerase Thermo Sequenase into the growing DNA strand in a DNA-sequencing reaction and that its incorporation does not hinder the addition of the subsequent nucleotide. These results indicate that the nucleotide analogue is an excellent substrate for Thermo Sequenase. We also systematically studied the photocleavage of the fluorescent dye from a DNA molecule that contained the nucleotide analogue. UV irradiation at 340 nm of the DNA molecule led to the efficient release of the fluorescent dye, ensuring that a previous fluorescence signal did not leave any residue that could interfere with the detection of the next nucleotide. Thus, our results indicate that it should be feasible to use four different fluorescent dyes with distinct fluorescence emissions as unique tags to label the four nucleotides (A, C, G, and T) through the photocleavable 2-nitrobenzyl linker. These fluorescent tags can be removed easily by photocleavage after the identification of each nucleotide in the DNA sequencing-by-synthesis approach.
T he ability to sequence DNA accurately and rapidly has revolutionized biology and medicine. The development of high-throughput genetic-analysis technologies involving chemistry, engineering, biology, and computer science has made it possible to move from studying single genes at a time to analyzing and comparing entire genomes. The current state-of-the-art technology for high-throughput DNA sequencing utilizes capillary array DNA sequencers with laser-induced fluorescence detection (1) (2) (3) (4) . Although capillary array DNA-sequencing technology addresses the throughput and read length requirements of large-scale DNA-sequencing projects to some extent, the sequencing throughput and accuracy required for disease-gene discovery and personalized medicine needs to be improved significantly. For example, electrophoresis-based DNAsequencing methods have difficulty detecting heterozygotes unambiguously and are not 100% accurate in regions rich in nucleotides comprising guanine or cytosine because of compression (5, 6) . In addition, the first few bases after the priming site are often masked by the high fluorescence signal from excess dye-labeled primers or dye-labeled terminators and are difficult to identify. Thus, the requirement of electrophoresis for DNA sequencing is still a significant limitation for high-throughput DNA-sequencing and mutation-detection projects. A variety of alternative methods have been exploited for DNA sequencing including mass spectrometry sequencing (7-9), pyrosequencing (10) , sequencing by hybridization (11) , and massively parallel signature sequencing with enzymatic cleavage and ligation (12) .
The concept of sequencing DNA by synthesis was revealed in 1988 (13) . This approach involves the detection of the identity of each nucleotide immediately after its incorporation into a growing strand of DNA in polymerase reaction. As yet, no complete success has been reported by using such a system to sequence DNA unambiguously. The pyrosequencing approach that employs four natural nucleotides (A, C, G, and T) and several other enzymes for sequencing DNA by synthesis is now widely used for mutation detection (10) . In this approach, the detection is based on a pyrophosphate (PPi) released during the DNA polymerase reaction, the quantitative conversion of pyrophosphate to ATP by sulfurylase and the subsequent production of visible light by firefly luciferase. This procedure can sequence routinely up to 30 bp of nucleotide sequences. However, in this method each of the four nucleotides needs to be added and detected separately. Additionally, it is difficult to accurately identify long stretches of the same base with this method. Another approach in this direction has been focused mostly on designing and synthesizing a photocleavable (PC) chemical moiety that is also linked to a fluorescent dye to cap the 3Ј-OH group of dNTPs (14, 15) . The rationale behind this work is to use the PC fluorescent moiety as an identifying tag for the incorporated nucleotide while simultaneously capping the 3Ј-OH group, thus preventing further polymerase activity until the tag is removed by using photocleavage. However, only limited success has been reported for the incorporation of such a 3Ј-modified nucleotide by DNA polymerase into a growing DNA strand. This is because the 3Ј position on the deoxyribose is very close to the amino acid residues in the active site of the polymerase (16) , and the polymerase is sensitive to modification with bulky groups in this area of the ribose ring. On the other hand, it is known that a modified DNA polymerase such as Thermo Sequenase (17, 18) is highly tolerable to extensive modifications with large groups such as energy transfer dyes at the 5 position of pyrimidines (T and C) and 7 position of purines (G and A) (19) (20) (21) . We therefore reasoned that if a unique fluorescent dye is linked to the 5 position of the pyrimidines (T and C) or 7 position of purines (G and A) through a PC linker, and a small chemical group is used to cap the 3Ј-OH, the resulting nucleotide analogue should be a good substrate of the DNA polymerase Thermo Sequenase. Fluorescence detection coupled with the subsequent photocleavage of the fluorophore and selective removal of the 3Ј-capping group from the nucleotide analogues will allow unambiguous decoding of the DNA sequence in a polymerase reaction. The advantage of using the photon as a reagent for initiating photoreactions to cleave the fluorophore is that no additional chemical reagents are required to be introduced into Abbreviations: PC, photocleavable; MALDI, matrix-assisted laser desorption ionization; TOF, time of flight; BODIPY, 4,4-difluoro-5,7-dimethyl-4-bora-3␣,4␣-diaza-s-indacene propionic acid; NHS, N-hydroxysuccinimidyl; dd, dideoxy-; SPC, solid-phase capture.
the system and clean products can be generated with no requirement for subsequent purification.
We have designed a massive parallel DNA-sequencing chip system (22) based on the above-described approach. This sequencing system includes the construction of a chip with immobilized single-stranded DNA templates that can self-prime for the generation of the complementary DNA strand in the polymerase reaction and four unique fluorescently labeled PC nucleotide analogues with the 3Ј-OH capped by a small chemical moiety to allow efficient incorporation into the growing strand of DNA in the polymerase reaction. A four-color fluorescence imager is then used to identify the sequence of the incorporated nucleotide on each spot of the chip. After removing the fluorophore photochemically (UV irradiation at 340 nm) and the 3Ј-OH-capping group, the polymerase reaction will proceed to incorporate the next nucleotide analogue and detect the next base.
To this end we synthesized PC dye-labeled oligonucleotides and confirmed that the 2-nitrobenzyl moiety can be used as a PC linker, connecting the fluorophore with the oligonucleotide, and can be photocleaved efficiently by near-UV irradiation (23) . We report here the design and synthesis of a nucleotide analogue with a f luorescent dye attached to the 5 position of 2Ј-deoxyribouridine triphosphate via the PC 2-nitrobenzyl linker. We have demonstrated that this nucleotide analogue can be incorporated faithfully by DNA polymerase Thermo Sequenase into a growing DNA strand in a base-specific manner, and the fluorescent dye can be photocleaved efficiently after incorporation by near-UV irradiation.
Materials and Methods
All chemicals were purchased from Sigma-Aldrich unless otherwise indicated. 1 H and 13 C NMR spectra were recorded on a Bruker 300 spectrometer. High-resolution MS data were obtained by using a JEOL (Tokyo) JMS HX 110A mass spectrometer. Mass measurements were made on a Voyager DE matrixassisted laser desorption ionization (MALDI)͞time-of-flight (TOF) mass spectrometer (Applied Biosystems). Electrospray ionization MS was recorded on a Micromass (Manchester, U.K.) quadrupole-TOF mass spectrometer. HPLC was performed on a Waters system consisting of a Rheodyne 7725i injector, 600 controller, and a 996 photodiode array detector.
Synthesis of dUTP-PC-4,4-difluoro-5,7-dimethyl-4-bora-3␣,4␣-diaza-sindacene Propionic Amide (BODIPY)
. dUTP-PC-BODIPY was synthesized as shown in Scheme 1, involving the following steps. PC-BODIPY 3. 1-[5-(Aminomethyl)-2-nitrophenyl]ethanol 1 (5 mg, 0.026 mmol) prepared according to the literature (24) was dissolved in 550 l of acetonitrile and 100 l of 1 M NaHCO 3 aqueous solution. A solution of BODIPY N-hydroxysuccinimidyl (NHS) ester 2 (Molecular Probes) (5 mg, 0.013 mmol) in 400 l of acetonitrile was added slowly to the above reaction mixture and then stirred for 5 h at room temperature. The resulting reaction mixture was purified on a preparative silica-gel TLC plate (CHCl 3 ͞CH 3 OH ϭ 95:5) to give pure PC-BODIPY 3 (5.81 mg, 95%). 1 PC-BODIPY NHS ester 4 (7.2 mg, 0.012 mmol) in 300 l of acetonitrile was added to a solution of 5-(3-aminoallyl)-2Ј-deoxyuridine 5Ј-triphosphate (dUTP-NH 2 , Sigma) (2 mg, 0.004 mmol) in 300 l of Na 2 CO 3 -NaHCO 3 buffer (0.1 M, pH 8.7). The reaction mixture was stirred at room temperature for 3 h. A preparative silica-gel TLC plate was used to separate the unreacted PC-BODIPY NHS ester from the fractions containing dUTP-PC-BODIPY (CHCl 3 ͞CH 3 OH ϭ 85:15). The product was concentrated further under vacuum and purified with reverse-phase HPLC on a 150 ϫ 4.6-mm C18 column to obtain the pure product (retention time ϭ 35 min). The resultant DNA-sequencing fragments were purified from unextended primer and other reaction components by solid-phase capture (SPC) using streptavidin-coated magnetic beads (Seradyn, Indianapolis) (25, 26) . Only correctly terminated sequencing fragments had a biotin moiety at their 3Ј ends. Therefore only these fragments were captured on the streptavidin-coated beads, whereas all other components were washed away. The biotin-streptavidin bond then was cleaved by heating the beads with 98% formamide solution (containing 1 M EDTA) to obtain purified DNAsequencing fragments. These fragments were separated on the basis of their size by a capillary array electrophoresis DNA sequencer (MegaBACE 1000, Amersham Pharmacia) to generate a fluorescent electropherogram (Fig. 1) .
DNA-Extension Reaction and Photocleavage Study. DNA-extension reaction.
A DNA-extension reaction (Fig. 2) was conducted by using dUTP-PC-BODIPY 5, ddGTP-biotin (Perkin-Elmer), a primer (5Ј-AGAGGATCCAACCGAGAC-3Ј), and a synthetic DNA template (100 bp) corresponding to a portion of exon 7 of the human p53 gene. The two nucleotides in the template immediately adjacent to the annealing site of the primer were 5Ј-CA-3Ј. Thus, the extension reaction would be terminated after extension by only two bases (U-PC-BODIPY and then G) to generate DNA fragment 6. The reaction mixture consisted of 20 pmol of template, 40 pmol of primer, 40 pmol of dUTP-PC-BODIPY, 40 pmol of ddGTP-biotin, 2 l of 10ϫ reaction buffer, and 2 units of DNA polymerase Thermo Sequenase in a total volume of 20 l. The reaction consisted of 25 cycles of 94°C for 20 sec, 48°C for 40 sec, and 72°C for 20 sec. Subsequently, the extension product was purified by SPC (25) and reverse-phase HPLC. An Xterra MS C18 (4.6 ϫ 50-mm) column (Waters) was used for the HPLC analysis. Elution was performed over 90 min at a flow rate of 0.5 ml͞min with the temperature set at 50°C by using a linear gradient (12-34.5%) of methanol in a buffer consisting of 8.6 mM aqueous triethylammonium and 100 mM hexafluoroisopropyl alcohol (pH 8.1). The fraction containing the desired product was collected and freeze-dried for MALDI-TOF MS measurement and photolysis as described (23) . Photolysis of extension product 6 and HPLC analysis. The purified DNA-extension product was dissolved in 1:1 (vol͞vol) acetonitrile͞water to a final concentration of 2 M and irradiated in a quartz cell (1-cm path length) employing an LX300UV xenon lamp (ILC Technologies, Sunnyvale, CA) in conjunction with a monochromator at 340 nm (light intensity ϭ 3 mW͞cm 2 ). Fractions were taken out at different irradiation times for HPLC and MALDI-TOF MS analysis. 
Results and Discussion
The PC fluorescent nucleotide analogue, dUTP-PC-BODIPY 5, synthesized as shown in Scheme 1, bears a fluorescent dye on its 5 position via a PC 2-nitrobenzyl linker. The 2-nitrobenzyl moiety has been shown to have a high photocleavage efficiency under UV irradiation ( Ϸ 340 nm) (24, (27) (28) (29) (30) and thus was chosen as the PC linker in our study. BODIPY, which has been used in electrophoresis-based DNA sequencing and protein analysis (31, 32) , was chosen as the fluorophore to couple with dUTP-NH 2 .
To use the dUTP-PC-BODIPY for DNA sequencing, it is critical that the nucleotide analogue be incorporated faithfully and efficiently into a growing DNA strand in a polymerase reaction. To verify this, we conducted a Sanger DNA-sequencing reaction by using dUTP-PC-BODIPY 5, all four dNTPs (A, C, G, and T), and biotin-ddATP. The basis of this experiment was that if dUTP-PC-BODIPY 5 was a good substrate of DNA polymerase, there would be a significant number of DNAsequencing fragments with dUTP-PC-BODIPY incorporated in them, yielding a strong fluorescent signal for each DNA fragment ending with ''A.'' The results of our DNA-sequencing experiment obtained on a fluorescent capillary DNA sequencer are shown in Fig. 1 . Each peak in the electropherogram corresponds to a DNA fragment ending with A, because each fragment bearing the fluorescence signal has been terminated with biotin-ddATP and isolated by streptavidin-coated magnetic beads (25) . The experimental results matched well with the known template sequence, illustrating the highly efficient incorporation of dUTP-PC-BODIPY in a base-specific manner in the polymerase reaction.
It was observed that the electropherogram in Fig. 1 consisted of some minor peaks accompanying the major A peaks. The appearance of these peaks can be explained by the variable incorporation of dUTP-PC-BODIPY into the growing DNA strand. Each DNA fragment has multiple copies present in the sequencing product mixture. Each such copy will have numerous possible sites of incorporation of dUTP-PC-BODIPY. Because dUTP-PC-BODIPY competes with dTTP for incorporation, which is an event that is governed by their relative amounts in the reaction mixture, it is quite possible that DNA fragments of the same length have different numbers of dUTP-PC-BODIPY incorporated in them. Such fragments therefore will have different mobilities during high-resolution capillary gel electrophoresis. Thus the multiple peaks in the sequence electropherogram will correspond to sequencing fragments of the same length bearing variable numbers of dUTP-PC-BODIPY incorporated in them. We conducted a series of experiments with varying amounts of dUTP-PC-BODIPY and dTTP to investigate the effect of their relative amounts on the appearance of these multiple peaks. The results shown in Fig. 1 , were obtained by using a 15:1 ratio of dTTP to dUTP-PC-BODIPY. Higher amounts of dUTP-PC-BODIPY exacerbated the problem of the appearance of multiple peaks.
To further evaluate the feasibility of dUTP-PC-BODIPY as a PC substrate of DNA polymerase, we conducted a DNAextension reaction as depicted schematically in Fig. 2 . The extension reaction was performed by using dUTP-PC-BODIPY 5, ddGTP-biotin, and a synthetic template (100 bp) corresponding to a portion of exon 7 of the human p53 gene. The two nucleotides in the template immediately adjacent to the annealing site of the primer (5Ј-AGAGGATCCAACCGAGAC-3Ј) were 5Ј-CA-3Ј. Consequently, the primer was extended in the presence of dUTP-PC-BODIPY and ddGTP-biotin such that the extension reaction would be terminated after extension by only two bases (U and then G) to generate DNA fragment 6. The purified extension product 6 was analyzed by MALDI-TOF MS as shown in Fig. 3A , where a strong signal corresponding to 6 (m͞z: found, 7,044; anal. calcd, 7,048) is observed. The peak at m͞z 7,025 is most likely due to the loss of a fluorine atom from the parent molecule 6 during the MS analysis. The loss of a fluorine atom was also observed in the mass spectrum of PC-BODIPY 3. A small peak at m͞z 6,549 that corresponds to the photocleaved fragment 7 (m͞z: anal. calcd, 6,553) was observed also. This is due to the photocleavage induced by the nitrogen laser pulse (337 nm) used for ionization in MALDI-TOF. When the purified extension product 6 was injected into a capillary array electrophoresis DNA sequencer, only one strong peak was observed from the electropherogram, indicating that only DNA fragments terminated by ddGTP-biotin were present Fig. 2 before SPC purification. A primer peak, the extension product 6, and the photocleaved fragment 7 were observed. No false stop peak caused by dUTP-PC-BODIPY was observed.
after purification by SPC. The MALDI-TOF mass spectrum of the extension product mixture before any purification (Fig. 4) showed three peaks corresponding to a primer peak (m͞z 5,531), the DNA-extension product 6, and the photocleaved DNA fragment 7. No peak was observed corresponding to a DNA fragment that was stopped after the incorporation of a dUTP-PC-BODIPY alone. This indicates that there are no false stops caused by dUTP-PC-BODIPY in the enzymatic extension. All these results indicate that the dUTP-PC-BODIPY can be incorporated efficiently into the growing DNA strand by a DNA polymerase, and its incorporation does not hinder the addition of the subsequent nucleotide.
Complete photocleavage of the fluorescent dye, BODIPY, from the extension product 6 is essential for the successful application of dUTP-PC-BODIPY in the DNA sequencing-bysynthesis approach. We first investigated the photocleavage efficiency of the DNA-extension product by MALDI-TOF MS. Two minutes of UV irradiation at 340 nm of the solution containing the extension product 6 eliminated the corresponding peak in the MALDI-TOF mass spectrum but significantly increased the signal of the photocleaved fragment 7 (m͞z 6,549) as shown in Fig. 3B .
We also investigated the photocleavage of the DNA fragment 6 by HPLC as shown in Fig. 5 . Two detection channels (260 and 504 nm) corresponding to the DNA and dye chromophores, respectively, were used to monitor the cleavage process. The purified extension product 6 gave a strong single peak at retention time 56.8 min in both channels before any UV light irradiation was applied. A small peak was also observed at retention time 27.4 min in the 260-nm channel with Ϸ5% of the integration value as that of the peak at 56.8 min. This small peak was found to be the photocleavage product 7, and it may have resulted from the exposure of the sample to UV light during the detection process in HPLC. Five minutes of irradiation at 340 nm resulted in a significant reduction of the peaks from the extension product 6, whereas the peak at the retention time of 27.4 min in the 260-nm channel increased significantly. These data confirm that the fluorescent dye is released almost completely from the template in solution within 5 min of UV light irradiation at 340 nm. There was a small shoulder peak observed at a retention time of 56.8 min in the 260-nm channel both before and after UV irradiation. However, no such peak was observed in the 504-nm channel corresponding to the fluorophore after photocleavage. Thus, the presence of this shoulder peak does not interfere with removal of the fluorophore from DNA.
In conclusion, we have synthesized a PC fluorescent dyelabeled nucleotide analogue. This nucleotide analogue is shown to be an excellent substrate for DNA polymerase Thermo Sequenase in a DNA-sequencing reaction. The fluorescent dye can be photocleaved efficiently after incorporation of the nucleotide analogue into a growing DNA strand. The synthesis and evaluation of this PC f luorescent nucleotide in a DNAsequencing reaction has paved the way for the future development of the sequencing-by-synthesis approach. Moreover, the high efficiency of photocleavage of the fluorescent dye ensures that there is no carryover of the previous fluorescence signal during detection of the next nucleotide and therefore prevents any ambiguity in sequencing results. Four different fluorescent dyes with distinct emissions can therefore be used as unique identification tags for all four nucleotides (A, C, G, and T), and these fluorescent nucleotides can be used to rapidly and accurately sequence a DNA template in a DNA polymerase reaction. Further work is under way to modify the 3Ј-OH of the nucleotide with a small chemical group that can cap the 3Ј-OH without hindrance to the incorporation of the nucleotide analogue by DNA polymerase. After fluorescence detection to identify the nucleotide, the 3Ј-OH-capping group then can be removed by specific chemical or enzymatic reactions. All these efforts will facilitate the development of a highly efficient and automated DNA-sequencing approach.
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